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 Δ𝑟𝐺
⊖ 𝑄
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 𝑉 𝑇 𝑛
𝑃 = 𝑛𝑅𝑇/𝑉
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 𝐸 =
𝑛2ℎ2

8𝑚𝐿2
𝑈 = 5

ℎ2

8𝑚𝐿2

𝑛

 𝑊 𝑊 = 1

 𝑈 𝐿

𝑛 = 1
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 𝑈 = 8
ℎ2

8𝑚𝐿2

 𝑊

 2𝐿 5
ℎ2

8𝑚𝐿2
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 𝑊

 𝑊



𝑆 = 𝑘𝐵ln𝑊

 𝑆 𝑘𝐵
𝑊

 𝑘𝐵 = 𝑅/𝑁A
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 𝑘𝐵 𝑝 ∝ 𝑒−𝐸/𝑘B𝑇

 𝑁𝑖 ∝ 𝑒−𝐸𝑖/𝑘B𝑇 𝑁𝑖 𝐸𝑖

 𝑊 𝑆

 𝑊 ≈ 10(10
23) = 10100000000000000000000000
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 𝑊

 𝑊 𝑆 𝑈 𝑇

 𝑊 𝑆
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 𝑈

𝑈 = 1.5 𝑅𝑇

 Δ𝑈 = 0 Δ𝐻 = 0





𝑊

 Δ𝑆 = 𝑘B ln
𝑊𝑓

𝑊𝑖
> 0
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 𝑊 𝑆

 𝑇

𝑊 𝑆



 𝑊 𝑆
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Δ𝑆 > 0
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 𝑆

𝑞rev
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 d𝑆 =
𝛿𝑞rev

𝑇
𝑇

𝛿𝑞rev

 d𝑆



𝑇

 𝑆 Δ𝑆 =
𝑞rev

𝑇
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 𝑇vap
𝑇vap

Δ𝑆vap =
𝑞vap

𝑇vap
=
Δvap𝐻

⊖

𝑇vap



Δfus𝐻
⊖ Δfus𝑆

⊖
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 𝑇𝑖 𝑇𝑓



 𝛿𝑞rev = 𝐶𝑝d𝑇 𝐶𝑝

 𝑑𝑆 = 𝐶𝑝/𝑇 𝑑𝑇 Δ𝑆 ≈ 𝐶𝑝ln
𝑇𝑓

𝑇𝑖





 𝑃

d𝑉
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 𝑉 𝑉 + d𝑉 𝑃 𝑃 − d𝑃

𝛿𝑤rev = −𝑃extd𝑉 = − 𝑃 − d𝑃 d𝑉 = −𝑃d𝑉 + d𝑃d𝑉 ≈ −𝑃d𝑉

 d𝑃d𝑉

 Δ𝑈 = 0 d𝑈 = 0 = 𝛿𝑞rev + 𝛿𝑤rev

𝛿𝑞rev = −𝛿𝑤rev = 𝑃d𝑉 =
𝑛𝑅𝑇

𝑉
d𝑉

 𝛿𝑆 =
𝛿𝑞rev

𝑇
=

𝑛𝑅

𝑉
d𝑉 Δ𝑆 = 𝑛𝑅ln

𝑉𝑓

𝑉𝑖
𝑃𝑖𝑉𝑖 = 𝑃𝑓𝑉𝑓

Δ𝑆 = −𝑛𝑅ln
𝑃𝑓

𝑃𝑖

 Δ𝑆 = 𝐶𝑝ln
𝑇𝑓

𝑇𝑖
− 𝑛𝑅ln

𝑃𝑓

𝑃𝑖
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 𝑊 = 1 𝑆 = 0



𝑊 = 1 𝑆 = 0





 𝑆 = 0
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𝑇low

𝑇low 𝑇fus

𝑇fus

𝑇fus 𝑇va𝑝

𝑇va𝑝

𝑇va𝑝
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 𝑆⊖

Δr𝑆
⊖

 Δr𝑆
⊖ = ∑𝑣𝑆⊖

 Δr𝑆
⊖ 𝑆⊖

 𝑆⊖ 𝑆⊖



 𝑆⊖
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 Δ𝑆sys = Δ𝑆

Δ𝑆surr

 𝑆univ
Δ𝑆univ Δ𝑆univ = Δ𝑆sys + Δ𝑆surr > 0
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 Δ𝐻1 = 𝐶𝑝 water Δ𝑇 Δ𝑆1 = 𝐶𝑝 water ln
Tf

𝑇𝑖



 Δ𝐻2 = Δfus𝐻
⊖ Δ𝑆2 =

Δfus𝐻
⊖

𝑇fus



 Δ𝐻3 = 𝐶𝑝 ice Δ𝑇 Δ𝑆3 = 𝐶𝑝 ice ln
Tf

𝑇𝑖

 Δ𝐻 Δ𝑆
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 Δ𝑆surr =
−𝑞sys

𝑇surr
Δ𝑆univ = Δ𝑆sys + Δ𝑆surr



 Δ𝑆univ > 0

 Δ𝑆univ < 0

 Δ𝑆univ = 0



 𝑇 𝑃 𝑇

Δ𝐻sys = 𝑞𝑝 Δ𝑆surr = −Δ𝐻sys/𝑇

 𝑇Δ𝑆univ = 𝑇Δ𝑆sys − Δ𝐻sys = − Δ𝐻sys − 𝑇Δ𝑆sys
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 𝐺 = 𝐻 − 𝑇𝑆 Δ𝐺 = Δ𝐻 − 𝑇Δ𝑆

 −𝑇Δ𝑆univ= Δ𝐺sys

 Δ𝐺sys < 0

 Δ𝐺sys > 0

 Δ𝐺sys = 0

 Δ𝐺 = Δ𝐻 − 𝑇Δ𝑆 Δ𝐻 Δ𝑆

 Δ𝐻 Δ𝑆 Δ𝐺

 Δ𝐻 Δ𝑆 Δ𝐺

 Δ𝐻 Δ𝑆
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 Δ𝐻

Δ𝑆 𝑇Δ𝑆 Δ𝐻



Δ𝐺 ≤ 𝑤non𝑃𝑉

 −Δ𝐺
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𝚫𝐫𝑮
⊖ 𝚫𝐫𝑮

 Δr𝐺
⊖

 Δf𝐺
⊖ Δr𝐺

⊖

 Δr𝐺 = Δr𝐺
⊖ + 𝑅𝑇ln𝑄 𝑄

 ⇌ 𝑄 =
𝑃NH3/𝑃

⊖ 2

𝑃N2/𝑃
⊖ 𝑃H2/𝑃

⊖ 3
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𝚫𝐫𝑮
⊖ 𝚫𝐫𝑮



 𝐺 𝜉

 Δr𝐺 < 0 𝐺 𝜉

 Δr𝐺 > 0 𝐺 𝜉

 Δr𝐺 = 0 𝐺
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𝚫𝐫𝑮
⊖ 𝚫𝐫𝑮

 Δr𝐺
⊖

 𝑄 𝑅𝑇ln𝑄

𝑄

 Δr𝐺
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𝚫𝐫𝑮
⊖ 𝚫𝐫𝑮

 ⇌ 𝑄 =
𝑃NH3/𝑃

⊖ 2

𝑃N2/𝑃
⊖ 𝑃H2/𝑃

⊖ 3

 𝛼 =
𝑃

𝑃⊖

 𝛼 = 1



𝛼 = 0.5



𝛼 = 0.25
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𝚫𝐫𝑮
⊖ 𝚫𝐫𝑮

 𝑄 𝑄 =
𝛼NH3

2

𝛼N2 𝛼H2
3

 𝑄



 Δr𝐺 = Δr𝐺
⊖ + 𝑅𝑇ln𝑄 Δr𝐺 = 0

 0 = Δr𝐺
⊖ + 𝑅𝑇ln𝑄eq 𝐾 𝑄eq

Δr𝐺
⊖ = −𝑅𝑇ln𝐾

 Δr𝐺
⊖ 𝐾

 Δr𝐺
⊖ = −𝑅𝑇ln𝐾 Δr𝐺 = Δr𝐺

⊖ + 𝑅𝑇ln𝑄 Δr𝐺 = 𝑅𝑇ln(𝑄/𝐾)
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𝚫𝐫𝑮
⊖ 𝚫𝐫𝑮

 𝑄 < 𝐾 Δr𝐺 < 0 𝑄

 𝑄 > 𝐾 Δr𝐺 > 0 𝑄

 𝑄 = 𝐾 Δr𝐺 = 0









𝐾 =
𝑃C,eq/𝑃

⊖ 𝑐
𝑃D,eq/𝑃

⊖ 𝑑
⋯

𝑃A,eq/𝑃
⊖ 𝑎

𝑃B,eq/𝑃
⊖ 𝑏

⋯
=

𝑃C,eq
𝑐 𝑃D,eq

𝑑 ⋯

𝑃A,eq
𝑎 𝑃B,eq

𝑏 ⋯
×

1

𝑃⊖

Δ𝜈

 𝑃⊖ Δ𝜈 Δ𝜈 = 𝑐 + 𝑑 +⋯ − 𝑎 + 𝑏 +⋯
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𝚫𝐫𝑮
⊖ 𝚫𝐫𝑮

 𝐾𝑝 =
𝑃C,eq
𝑐 𝑃D,eq

𝑑 ⋯

𝑃A,eq
𝑎 𝑃B,eq

𝑏 ⋯
𝐾 = 𝐾𝑝

1

𝑃⊖

Δ𝜈



 𝐾𝑐 =
𝑃C,eq
𝑐 𝑃D,eq

𝑑 ⋯

𝑃A,eq
𝑎 𝑃B,eq

𝑏 ⋯
𝐾 = 𝐾𝑐

1

𝑐⊖

Δ𝜈



 𝐾 𝐾𝑝
𝐾𝑐
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𝚫𝐫𝑮
⊖ 𝚫𝐫𝑮

 𝐾 = 𝑒−
Δr𝐺

⊖

𝑅𝑇 Δr𝐺
⊖ 𝐾

 Δr𝐺
⊖ 𝐾 Δr𝐺

⊖ 𝐾 Δr𝐺
⊖

𝐾 Δr𝐺
⊖ 𝐾

 𝐾

 𝐾

𝐺

 𝐾

𝐺

 𝐾 ≈ 1

𝐺
35



𝚫𝐫𝑮
⊖ 𝑲

 Δr𝐻
⊖ Δr𝑆

⊖ Δr𝐺
⊖

Δr𝐺
⊖ = Δr𝐻

⊖ − 𝑇Δr𝑆
⊖

 −RTln𝐾 = Δr𝐺
⊖ = Δr𝐻

⊖ − 𝑇Δr𝑆
⊖ ln𝐾 = −

Δr𝐻
⊖

𝑅𝑇
+

Δr𝑆
⊖

𝑅

 ln𝐾 1/𝑇 −
Δr𝐻

⊖

𝑅
𝑦

Δr𝑆
⊖

𝑅

 𝑇1, 𝑇2 𝐾1 𝐾2

ln
𝐾2
𝐾1

= −
Δr𝐻

⊖

𝑅

1

𝑇2
−
1

𝑇1
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Δr𝐺 Δr𝐺

Δr𝐺673K
⊖



Δr𝐺673K
⊖

 Δr𝐺673K
⊖
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 Δr𝐺 = Δr𝐺
⊖ + 𝑅𝑇ln𝑄





𝑇 𝑃⊖ 𝑇 𝑃

 𝑃 𝑇 Δ𝐺 = Δ𝐻 − 𝑇Δ𝑆

 Δ𝐻 = 0 Δ𝐺 = −𝑇Δ𝑆 𝑃𝑓 = 𝑃 𝑃𝑖 = 𝑃⊖

Δ𝐺 = 𝑛𝑅𝑇ln
𝑃

𝑃⊖

 𝐺⊖ 𝐺 𝐺𝑖

𝐺 = 𝐺⊖ + 𝑛𝑅𝑇ln
𝑃

𝑃⊖
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𝐺𝑚 = 𝐺𝑚
⊖ + 𝑛𝑅𝑇ln

𝑃

𝑃⊖



𝑛A, 𝑛B, 𝑛C⋯

𝐺 = 𝑛A𝐺𝑚,A + 𝑛B𝐺𝑚,B + 𝑛C𝐺𝑚,C +⋯

 𝐺𝑚,A 𝐺𝑚,B 𝐺𝑚,C

𝑃 𝑃A 𝑃B 𝑃C

 Δ𝐺

Δ𝐺 = 𝐺𝑓 − 𝐺𝑖 = 𝐺𝑚,A𝑛A

 Δ𝐺 𝑛A
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 𝐺𝑚 = 𝐺𝑚
⊖ + 𝑛𝑅𝑇ln

𝑃

𝑃⊖

 𝜇 𝜇 = 𝜇⊖ + 𝑅𝑇ln𝛼

 𝜇⊖ 𝑇 𝑃⊖

 𝜇 = 𝐺𝑚 𝜇⊖ = 𝐺𝑚
⊖ 𝛼 = 𝑃/𝑃⊖

 𝐺 = 𝑛A𝐺𝑚,A + 𝑛B𝐺𝑚,B + 𝑛C𝐺𝑚,C +⋯

𝐺 = 𝑛A𝜇A + 𝑛B𝜇B + 𝑛C𝜇C +⋯

 𝜇A

 𝜇A
𝜇A 𝑛A
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 𝜇 = 𝜇⊖ + 𝑅𝑇ln𝛼 𝛼







 Δr𝐺
⊖ Δf𝐺

⊖

Δr𝐺
⊖ = 𝑐𝜇C

⊖ + 𝑑𝜇D
⊖ +⋯ − 𝑎𝜇A

⊖ + 𝑏𝜇B
⊖ +⋯
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 d𝐺 𝜇

d𝐺 = 𝐺𝑓 + 𝐺𝑖 = 𝑐𝜇C + 𝑑𝜇D − 𝑎𝜇A + 𝑏𝜇B d𝜉

 Δr𝐺 = d𝐺 × d𝜉 = 𝑐𝜇C + 𝑑𝜇D − 𝑎𝜇A + 𝑏𝜇B

 𝜇A = 𝜇A
⊖ + 𝑅𝑇ln𝛼A

 Δr𝐺 = Δr𝐺
⊖ + 𝑅𝑇ln

𝛼C
𝑐𝛼D

𝑑

𝛼A
𝑎𝛼B

𝑏 = Δr𝐺
⊖ + 𝑅𝑇ln𝑄
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